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SUMMARY

We have shown in earlier work that fiber roughness is a very important

parameter along woth the thermal mismatch between the components. PRD-166 fiber,

used so far, is a very rough fiber. Saphikon, single crystal a-alumina, is a relatively

smooth fiber, but very expensive due to its processing cost. A new polycrystalline

alumina fiber, Nextel 610, has recently become available. Due to its smoother surface

than that of PRD-166 fiber, this fiber can be a good reinforcement candidate in

oxide/oxide composites. We have done microstructural and mechanical

characterization of Nextel 610 fiber. The tensile strength of Nextel 610, after exposure

to 900 0C, 1100 0C, and 1300 0C was determined using a two-parameter Weibull

distribution. It was observed that the primary reason for the loss of the fiber strength

was the grain growth.

Two oxide fiber/oxide matrix composite systems, alumina type fiber/glass

matrix and mullite type fiber/mullite matrix, were prepared. The interfaces in these

composites were engineered using SnO 2 coating on alumina fibers and BN, BN/SiC

coating on mullite fibers, such that deformation processes conducive to toughness

enhancement could be brought to play. Significant improvements in the mechanical

properties of these oxide/oxide composites could be achieved by incorporation of

these interfacial coatings.
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I. INTRODUCTION

Ceramic matrix composites (CMCs) capable of maintaining excellent strength and

fracture toughness are required for high temperature structural applications. Many of

these applications require exposure to an oxidizing environment, as such the

thermodynamic stability and oxidation resistance of CMCs become important issues.

Nonoxide fiber/nonoxide matrix composites, such as carbon/carbon, SiC/SiC, and

Sic/Si3N4 , have received the greatest attention. These composites generally show good

low temperature strength, but oxidation resistance is a major limitation (1, 2). Nonoxide

fiber/oxide matrix composites or oxide fiber/nonoxide matrix composites, for example,

carbon/glass, SiC/glass, SiC/alumina, SiC/mullite, and AI20 3/SiC, do not have high

oxidation resistance because the permeability constant for the diffusion of oxygen is high,

resulting in rapid oxygen permeation through the oxide matrix (3-5). It would thus appear

that in applications where stability in air at high temperature is a prime objective, oxide

fiber/oxide matrix composites should be considered because they are inherently stable

in air.

Some oxide/oxide matrix composite systems have been investigated (6-9). A

strong fiber/matrix bond forms in the oxide matrices reinforced with uncoated oxide fibers,

such as in the like/like systems (e.g., mullite/mullite) (6,7) or in the mixed systems (e.g.,

A120 3/Si02 ) (8,9) where compound(s) forms at the interface, and the overall mechanical

properties of those composites were not much improved. As a consequence, a barrier

layer needs to be introduced to prevent chemical interaction between the fiber and matrix,

and thus, prevent strong interfacial chemical bonding.

The alumina fiber/glass composites show good oxidation resistance. The brittle

failure of such composites can be overcome by introducing interfacial coatings, such as

carbon and tin dioxide coatings. As an oxide, tin dioxide is more stable than carbon on

exposure to high temperatures. However, a strong and tough alumina fiber/glass

composite has not been reported.

In the oxide fiber/oxide matrix composites, a mullite fiber/mullite matrix composite

system is a good choice because of no risk of damage by thermal stresses during

fabrication or in service owing to thermal expansion match between the fiber an matrix,
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and good high-temperature properties of mullite, such as high melting point, low thermal

expansion, and high creep resistance (10-14). However, very few studies on this

composite system have been reported in the literature (6,7). Furthermore, both studies

failed to achieve a tough composite behavior because of fiber degradation (6) or serious

interfacial reaction (7), probably caused by the use of a high processing temperature (>

1400 OC) and/or an inefficient fiber coating (i.e., coating layer too thin to survive from the

processing).

We have shown in earlier work that fiber roughness is a very important parameter

along woth the thermal mismatch between the components. PRD-166 fiber, used so far,

is a very rough fiber. Saphikon, single crystal a-alumina, is a relatively smooth fiber, but

very expensive due to its processing cost. A new ceramic fiber, polycrystalline a-alumina

fiber, Nextel 610, has become available recently (15). Nextel 610 has a relatively smooth

surface, and can be a reinforcement candidate in oxide/oxide composites. However, such

a fine-grained fiber when used in a ceramic matrix is likely to undergo an exposure to high

temperatures during processing or service. Exposure to such high temperatures can

result in physical and/or chemical degradation of the reinforcements. Thus, it is important

to evaluate the effect of high temperature exposure on the strength of the fibers.

In this annual report, we report the following work:

"* Tensile strength of Nextel 610 fiber after high temperature exposure

"* Mechanical properties of interface engineered alumina fiber/glass composites

"• Interface engineering in mullte/mullite composites.

The results demonstrate the feasibility of using such interface engineering approach in the

oxide fiber/oxide matrix composites.

Mechanical bonding is very desirable for high toughness in ceramic matrix

composites. In a mechanical bond, the degree of interfacial roughness is a very

important parameter, which, in turn, is controlled by the fiber surface roughness. The

surface roughness of three alumina-type fibers, PRD-166, Nextel 610, and Saphikon fiber

are quantitatively being characterized using an atomic force microscope. This work is

under progress and the results will be included in the next year's report.
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II. MATERIALS

Two kinds of alumina fibers, PRD-166 (a-alumina + 15 w/o zirconia) and Saphikon

(single crystal a-alumina), were used in a borosilicate glass, N51A, matrix composites.

Nextel 480 and Nextel 550 fibers were used in mullite matrix composites. Nextel 480 is

a polycrystalline fiber with an essentially mullite composition. The as-received Nextel 550

is not crystalline mullite but a mixture of 6-alumina and amorphous silica with mullite

composition, which can be transformed to mullite when heated above 1200 'C.

Mullite powder synthesized via a diphasic gel route in our laboratory was used as matrix

materials. The fiber coatings, SnO2 for PRD-166 and Saphikon fibers, were applied by

chemical vapor deposition (CVD) in our laboratory, while BN and BN/SiC for Nextel 480

and Nextel 550 were applied via CVD by 3M Co., respectively. In the double coating, the

outer layer was SiC. Nextel 610, a relatively smooth fiber, is the new fiber to be used in

this work. The nominal compositions and some properties of the materials used are

summarized in Tables 1 and 2.
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Ill. EXPERIMENTAL PROCEDURE

3.1 High temperature exposure and tensile testing of Nextel 610 fiber

High temperature exposures of Nexte1610 fiber samples were made for 2 hours

at 900 0C, 1100 0C, and 1300 0C, respectively. The exposure temperature were

reached within 45 min; and after 2 h soaking at the given temperature, the fibers were

cooled to the room temperature in 2 h. All these experiments were performed in an

alumina tube and in the air.

The tensile strength was measured followed ASTM standard, D3379-75. The

tensile tests were performed at room temperature on an Instron universal machine

(model 1122) using a crosshead speed of 0.5 mm/min. The specimen gage length

was 40 mm. A load cell of 5 N capacity was calibrated by a precision standard weight

and recalibrated after testing every batch of thirty fibers. This was done to eliminate

any possible shift in calibration. All fibers used in this investigation were taken from

the same batch.

3.2 Mullite powder synthesis via diaphasic gel route

In order to eliminate the high temperature processing induced damage to fibers,

the fabrication temperature of mullite/mullite composites should be as low as possible.

A highly sinterable mullite powder as the matrix was prepared from a diphasic gel

route in our laboratory. In the present study, six different kinds of diphasic mullite gels

were prepared using various sources of boehmite (ALOOH) powder and silica sol, and

their crystallization and densification behavior were compared to find the optimum

precursor combination giving the lowest fabrication temperature and the highest

densification.

3.3 Fabrication of composites

All the composites with coated and uncoated fibers were fabricated by slurry

impregnation method (16). Consolidation of composites was done by hot-pressing.

The details of the fabrication can be found elsewhere (17).
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3.4 Characterization of the fibers and composites

Optical and scanning electron microscopes were used for general

characterization of the microstructure of Nextel 610 fibers and the composites.

Secondary ion mass spectrometry (SIMS) was used to characterize the coatings in

composites. Bend strength of composites was measured in three-point bend tests at

room temperature using rectangular bar-shaped specimens with fiber direction parallel

to the length of the specimen. The work of fracture (WOF) and the critical stress

intensity factor of the composites were measured at room temperature using Chevron-

notched bar specimen in three-point bend tests.
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IV. RESULTS AND DISCUSSION

4.1 Tensile strength of Nextel 610 fiber after high temperature exposures

Scanning electron micrographs of as-received Nextel 610 fibers are shown in

Fig. 1, from which the variation of the fiber diameter can be seen. The average

diameter of the fiber was 11.22 ptm with a standard deviation of 0.98 4m. A plot of

Weibull equation for the as-received fiber is shown in Fig. 2. The Weibull modulus, a,

for the fiber was 6.58.

There occurred a substantial fall in the Weibull mean strength above 900 0C

exposure, see Fig. 3 and Table 3. Microstructural examination of fibers exposed to

high temperatures, see Fig. 4, revealed the changes which led to the loss of room

temperature. It can be seen from Fig. 4 that the primary change of the microstructure

was the grain growth, especially, above 1100 0C. Table 4 lists the average grain size

of the fiber after different temperature exposures. It is expected that the strength of

fine-grained fiber would be higher than that of a coarse-grained fiber because length of

Griffith microcracks is limited by the grain diameter.

The Weibull modulus, a, an empirical constant, is related to the properties of the

flaw size distribution of a material [18]. For materials with small values of a, a large

defect is likely to be present. The decrease of the value of Weibull modulus, which is

greater than the error range which is given in the last column in Table 3, implies that

any defects created during high temperature exposure are more severe than any

preexisting flaws in the fiber. This can be another reason to cause the fiber strength

reduction after high temperature exposure.

The fracture surfaces of fibers exposed to different temperatures, shown in Fig.

5, revealed different failure mechanisms. Intergranular failure was dominated in the

as-received fibers, see Fig. 5(a), while transgranular failure occurred in the fiber after

exposure to 1300 0C, see Fig. 5(d). The transition from intergranular failure to

transgranular failure occurred at about 1100 0G, as shown in Fig. 6, where both of

failure mechanisms can be seen. The variation in the percentage of transgranular

fracture with grain size is not well known [19-21]. Fractography observations, as
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shown in Figs. 5 and 6, together with fiber strength and grain determinations, indicated

that the grain size range over which the fracture mode changed from transgranular to

intergranular, was also where the strength showed a strong grain size dependence.

It is interesting to note that a strength loss above 900 0C is very common in

alumina fiber [22-24]. Figure 7 shows the normalized strength data of some alumina
fibers versus the exposure temperature. The strength of the alumina fibers measured

at elevated temperatures, shown in Fig. 7, revealed the same tendency as that

measured at room temperature. Clearly, such a loss of strength after high

temperature expsoure is a limitation of the polycrystalline alumina fiber as a

reinforcement for high temperature composites.

4.2 Characterization of the interface

A detailed metallographic investigation of the tin dioxide interphase produced at

different temperatures and different times was made (24). Results of the SIMS

characterization of the PRD-166 fiber/SnO 2/glass composite, shown in Fig. 8,

indicated that the Sn' in the coating was localized to the coating only and no diffusion

into fiber or matrix was apparent. This is expected since our earlier electron

microprobe work showed that SnO2 can act as diffusion barrier layer in this system in

the form a laminate (25). The present SIMS work, however, confirmed in the case of a

fiber composite system.

Figure 9(a) shows a cross section of the BN coated Nextel 480 fiber, with

coating thickness being about 1 /im. SIMS characterization verified that the layers on

the periphery of the fibers were the BN coatings, see Fig. 9(b). The microstructure of

the BN/SiC coated Nextel 550 fiber, Fig. 10(a), shows that the fiber was fairly uniformly

coated with two layers, BN and SiC, with thickness of about 0.1 Am and 0.2,4m,

respectively. SIMS characterization also illustrated the presence of the double coating

in the composites, as shown in Fig. 10(b,c). Thicker BN coating was used to survive

the processing conditions in order to provide a desired weak interface. By the same

token, the double coating was used to protect the BN inner layer from oxidation during

composite fabrication with the SIC outer layer, which is well known to have excellent

resistance to high temperature oxidation owing to the formation of a protective film of
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silica on the surface.

4.3 Thermal stress analysis

Thermal stresses are generated in composite materials because of thermal

expansion coefficient mismatch between the matrix and reinforcement, the importance

of which is well recognized. The thermal stresses in coated and uncoated PRD-

166/glass as well as Saphikon/glass were evaluated using two- and three-element

models (26). The results showed a radial tensile stress component at fiber/coating

and coating matrix interfaces. This is desirable in order to weaken the interfacial

bonding. In the like/like system, such as mullite/mullite composite, the thermal

expansion coefficient match between the composite components can eliminate the risk

of the possible damage caused by thermal stresses. Thermal stress induced by BN

coating were analyzed (27). It turned out that a tensile radial stress less than 10 MPa

existed at the fiber/coating interface, which was also favorable for the weak interface.

4.4 Mechanical properties

The three-point bend strength, work of fracture, and critical stress intensity

factors determined for PRD-166/glass and mullite/mullite composites are listed in

Table 5. As can be seen, significant improvements, specially in fracture toughness,

were attained with the interface engineered alumina/glass and mullite/mullite

composites. Toughness values between 6 and 11.6 MPa.m1/ 2 were obtained in

mullite/mullite composites.

The composites with 1 pm BN-coated Nextel 480 exhibited damage tolerant

characteristics with a load-bearing capacity even beyond the maximum load, as

indicated by a gradual load drop which continued up to a significant amount of

displacement without complete failure during the test, as seen in Fig. 11. After heat

treatment leading to complete mullite crystallization of the matrix, this composite still

showed non-catastrophic failure, also shown in Fig. 11. The loss of fiber strength

resulted from the heat treatment was responsible for the load drop to a certain level

after heat tretment. Similar to the case of Nextel 480/BN/mullite composites, the

composites of Nextel 550/BN/SiC/mullite showed a non-brittle failure, see Fig. 12.
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4.5 Fracture characteristics of composites

4.5.1 Alumina/glass system

Scanning micrographs of the fracture surfaces obtained in three-point bend test

of the various composites with coated and uncoated fibers, are shown in Figs. 13 and

14. In the case of PRD-166/glass and Saphikon/glass composites, the bonding

between the uncoated fiber and the matrix is very strong, resulting in a brittle, flat

fracture. Introduction of the SnO2 fiber coating results in a weakening of the

fiber/matrix interface. As a result the fracture observed in the case of the coated fiber

composites exhibited a relatively non-planar fracture, see Fig. 13(b). The lack of

extensive fiber pull out in PRD-166/SnO 2/glass was attributed to the radial clamping

due to the surface roughness of the PRD-166 fiber (26,28). Comparison of the effects

of interfacial roughness and thermal stress on the radial stress at the interface showed

that the effect of roughness induced radial compressive strain was an order greater

than the thermal strain in this system (26). Therefore, the surface texture of the fiber

can have a pronounced effect on the debonding and pullout characteristics of the
composites. This was demonstrated by incorporating relatively smooth single alumina

fibers (Saphikon) into the same glass matrix. Bend tests carried out on this composite

exhibited extensive fiber/matrix debonding and fiber pullout, see Fig. 14(b). The

important point to note here is that pullout occurred at the fiber/coating interface. This

is expected because SnO 2 and alumina has no matural solid solubility.

4.5.2 Mullite/mullite system

Scanning electron micrographs of the fracture surfaces obtained in three-point

bend test of mullite/mullite composites are shown in Figs. 15 and 16. The coating in

Nextel 480/mullite was found on the pulled-out fiber surfce with some peeling-off or

seperation from the fiber, see Fig. 15. The pulled-out fiber surface in Nextel

550/mullite composites was mostly clean and smooth, see Fig. 16. This indicates

that, unlike Nextel 480/mullite composites in which the fiber pullout could occur at the

interfcace of either matrix/coating or coating/fiber, the fiber pullout occurred along the
the fiber/coating interface only.
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V. CONCLUSIONS

The alumina fiber, Nextel 610, suffered strength loss from exposure to high

temperature. The primary reason for the strength loss of Nextel 610 fiber was grain

growth. Defects, such as surface flaws induced during high temperature exposure

procedure, can be another source for the loss of the fiber strength. Fractography

observations together with fiber strength and grain size determination indicated that

the grain size range over which the fracture mode changed from transgranular to

intergranular was also where the strength showed a grain size dependent.

The fiber/matrix interaction in oxide/oxide composites can be effectively

controlled by interface engineering approach. Tin dioxide, BN, and BN/SiC would

appear to be effective coating materials for the oxide/oxide composite systems

investigated in this work. Incorporation of fiber coatings such as SnO2 coating, BN

coating, and SiC/BN double coating, together with other considerations, such as

thermal stress, surface roughness of the fiber, and composite processing parameters,

allows to make the oxide/oxide composites with tough behavior.
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Table 2. Properties of matrics

Melting point Density Tensile strength Young's modulus CTE('•C ) ("kill') (NM Pa) (G Pa) I I()-"/IC )

N5IA -lass - 2. 64 72 7

Nlullite 1850 3.17 128-185 181 4-5



Table 3. Weibull distribution parameters for Nextel 610 fibers

No. of Weibull Mean Standard Standard
Fiber samples modulus P3, GPa strength deviation r deviationsc m so. GPa S, GPa of cc

As-received 57 6.58 1.771 1.651 0.297 96 0.87

Exposed at9ExpC for 2 h 60 4.85 1.398 1.281 0.302 97 0.63

* ~Ex posed atSx00Cfors 2 h 57 4.78 1.038 0.951 0.227 94 0.63

Exposed at 58 4.79 0.663 0.607 0.145 97 0.63
1300"C for 2 h

r: correlation coefficient of linear regression.



Table 4. The average grain size of Nextel 610 fiber
after various high temperature exposures

As-received Exposure temperature

900 OC 1100 OC 1300 OC

Grain size, aum 0.080 0.089 0.096 0.175



Table 5. Mechanical properties of the composites

Cornpo)sites Vf Umax (MPa) WOF (Jim 2) KI,, (NIPa m 1/2)

PRD-166/glass
Uncoated 0.40 225 750 2.5

0 SnO2-Coated 0.35 150 920 3.3
Nextel 480/mullite

As-HP 0.45 104 56 1.8
Uncoated HT 0.45 106 47 1.9

As-HP 0.41 322 2410 11.6
HT 0.41 258 163 (1 8.5

Nextel 550/nuillite
As-HP 0.47 87 1i 1.5

HT 0.47 71 12 1.4
As-HP 0.33 182 733 7.1

HT 0.33 223 30)S 6.1)

As-HP : as hot pressed: HT after heat treatment.
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